Abstract. John Alan Chalmers made major contributions to atmospheric electricity over almost 40 years spent at Durham University, UK. He is particularly remembered in the atmospheric science community for his accessible and insightful textbook, Atmospheric Electricity, and his work on corona currents, which are still regularly cited. He also supervised over 35 research students. This article discusses his background, scientific contributions, and significant legacy to modern atmospheric science within the context of a long and productive career spent at one of England's principal northern universities.
Introduction
John Alan Chalmers 1 worked at the UK's University of Durham from 1928 until his death in 1967. During his appointment the Physics Department was founded, in 1939. He was a leading researcher in atmospheric electricity, establishing one of the most productive and long-lived research groups of the 20th century, publishing around 90 refereed papers and a classic textbook. He did much to shape the modern subject of atmospheric electricity, particularly through international networking and carefully analysed measurements of atmospheric electrical parameters in many different meteorological conditions. He supervised numerous research students who went on to become successful scientists in atmospheric electricity, meteorology, solid earth geophysics, and industry. Despite this, and the continued regular use of his textbook by atmospheric electricity researchers to this day, he remains under-appreciated in the broader geophysical community, something this paper seeks to address. Separately from atmospheric electricity, the study of the career 1 J. A. Chalmers was known by his second name, Chalmers and informally to everyone who knew him as "Skip", the commonly used nickname for the leader of a Scout troop. Here he will simply be called Chalmers. of a geophysical scientist at a provincial UK university in the mid-20th century is an under-explored topic.
Chalmers' education and early life
John Alan Chalmers was born in London on 29 September 1904 to Stephen and Clara Chalmers. He had a younger brother, Bruce (1907 Bruce ( -1990 , and a sister, Marian. There was science in the family: Stephen Chalmers led the department of technical optics at Northampton Polytechnic Institute (Census, 1911) , and Clara's brother Walter Rosenhain was a leading metallurgist at the National Physical Laboratory (Turnbull, 1999) . (Like his uncle, Bruce later became a metallurgist and ultimately a Harvard University professor - Turnbull, 1999.) Chalmers showed early talent, winning a scholarship to Highgate School, where he studied as a day pupil and was something of an all-rounder, winning prizes for mathematics in 1919, science in 1920, and English in 1923. He also participated in sport, and is mentioned in the archives and the school magazine for his performance in long jump, football, cricket, and cross-country running (The Cholmeleian, 1923a, b; Michele Losse, personal communication, 2017). He performed so well in his final examinations at Highgate that he was given extra money by the school to support the scholarship he had already earned to study Natu-
Career at Durham University
Durham University had created a science site and began awarding its own science degrees in 1924; science had previously been taught at Newcastle, then part of Durham University (Durham University Archive, 2008; Tuck, 1995) . No records have been found about Chalmers' appointment, but it seems likely that he was taken on by J. E. P. Wagstaff, a physicist with research interests in electrostatics and atmospheric physics (see e.g. Bloomfield, 1948 ) who had been hired in the 1920s when science was first established in Durham (Tuck, 1995) . A separate Physics Department, with Wagstaff as its head, was not set up until 1939 (Durham University Archive, 2008).
Chalmers was heavily loaded with teaching and administration at Durham; he lectured, including giving a course on atmospheric electricity, and demonstrated in the third year teaching laboratories for many years. He supervised many (at least 35) doctoral and MSc students. Later in his career he led discussions on the format of a new BSc degree, and 2 A full bibliography of Chalmers' publications is provided as a numbered alphabetical list in Appendix A. They are referred to in the text by their number in this list.
ultimately became Dean of Science (Rochester and Hutchinson, 1967) . He was promoted to Senior Lecturer in 1947 3 and Reader in 1957 4 . He had strong international connections, speaking at and chairing a discussion at a conference on atmospheric electricity held at Wentworth-by-the-Sea, New Hampshire, USA, in 1954 (Holzer and Smith, 1955) , and attending a subsequent conference at the same location in 1958 5 . He was also a Ford Foundation Visiting Professor at the University of Ibadan in Nigeria during a sabbatical in 1964 (no. 68).
Chalmers applied for the title of Professor in 1965 (Durham University Archive, 1965). Despite strong support from the Head of Department, and two strong external references from Prof. Basil Schonland FRS (who will be discussed in Sect. 4, but who was by then retired from a distinguished career) and Prof. P. J. Nolan (Dublin), there was some discussion over whether Chalmers' work and reputation were strong enough for the title. The main reason for this was a lukewarm reference from Prof. B. J. Mason, an ambitious man who was then a professor at Imperial College, though he would soon leave to become the youngest ever Director General of the Meteorological Office (Browning, 2015). He wrote, "I cannot pretend that Chalmers' work shows the outstanding quality and originality that one would look for in considering a much younger man. . . ".
As a result, an additional opinion was sought from Dr. T. Wormell (also mentioned in Sect. 4), who was then a Visiting Professor at New Mexico, and who strongly backed Chalmers:
"Doctor Chalmers and his work and books are very widely known. I find that whenever I visit an Institution abroad, with interests in this field, one of the first questions asked is whether I know him, or if 3 At the outbreak of the Second World War in 1939, Chalmers was 34, within the conscription age band. During the war his papers moved abruptly away from atmospheric electricity to more applied research on contact potentials, perhaps implying he was involved with war-related work based at Durham. 4 The career structure at UK universities in the mid-twentieth century was typically appointment at Lecturer level, followed by promotion to Senior Lecturer or Reader. These were roughly equivalent, though as Senior Lecturer was more teaching-focused and Reader more research-focused, Reader was often seen as more prestigious. The personal title of Professor was relatively rarely awarded. It was possible to be promoted from Senior Lecturer to Reader, like Chalmers, or, less commonly, from Senior Lecturer to Professor. 5 These conferences later became the International Conference on Atmospheric Electricity (ICAE), which is still held every 4 years and supported by the International Commission on Atmospheric Electricity, part of the International Association of Meteorology and Atmospheric Sciences (IAMAS), which in turn is part of the International Union of Geodesy and Geophysics (IUGG).
that is considered a superfluous question, an enquiry as to his health and recent activities."
This must have satisfied the Committee, who awarded Chalmers the title of Professor in 1965 (Durham University Records, 1965). Sadly, his professorial career was to be short-lived as he died after a short illness on 14 March 1967. After his death, a bottle of radioactive paint (used in instrumentation for atmospheric electricity measurements) and an original reference letter from Lord Rutherford were found in his desk (Harrison, 2018 ).
Contributions to atmospheric electricity
It is not clear what inspired Chalmers to start working on atmospheric electricity in around 1932 (Durham University Archive, 1965). His thesis (no. 36) shows no evidence of any atmospheric research interests, although one chapter is on measurements of the spectrum of beta-rays, which were detected at that time by their effects on the air conductivity, measured with a gold leaf electroscope. Chalmers would therefore have become familiar with the sensitive measurements needed for atmospheric electrical research through his experimental work. There was active research on atmospheric electricity at the Cavendish, led by C. T. R. Wilson, who was awarded the Nobel Prize in 1927 for inventing the cloud chamber, yet remained committed to atmospheric science for his entire career (Harrison, 2011) . One of Wilson's research students, T. W. Wormell, who can be seen in Fig. 1 as a contemporary of Chalmers, and who later succeeded Wilson as leader of the Cavendish "meteorological physics" group, worked on thunderstorms. Basil Schonland, who completed a PhD at Cambridge on beta-rays in 1920 and then moved into atmospheric electricity, returned to Cambridge during 1927-1928 (Allibone, 1973) . Schonland is even acknowledged in one of Chalmers' early papers on his radioactivity work (no. 44), so it seems hard to believe that Chalmers did not discuss atmospheric electricity with some or all of Wilson, Wormell, or Schonland. He may even have attended the lectures on the subject by Wilson as an undergraduate. Chalmers' early publications are on his thesis work, followed by a brief foray into cosmology with his brother Bruce (nos. 66 and 67). This may have been fraternal support, since Bruce was unemployed for a year after finishing a PhD in Physics at University College London in 1932 and appreciated scientific encouragement from his older brother (Turnbull, 1999) .
The first mention of atmospheric electricity in Chalmers' publications is in an instrumentation paper, with measurement of the charge on rain as one of the applications of a new valve electrometer (no. 74). The introduction to a Masters' thesis by an early student of Chalmers (Wood, 1934) suggests inspiration from a combination of ionization and electrical conductivity of air, and the ideas of C. T. R. Wilson, both topics of which Chalmers would have been well aware 28 K. L. Aplin: The scientific contributions and legacy of J. A. Chalmers from his time at the Cavendish. The first full atmospheric electricity paper is again on the charge on rain (no. 75) (communicated to the Physical Society by Dr. Bruce Chalmers), marking the beginning of a long and productive contribution to atmospheric electricity from Chalmers and his students at Durham.
Chalmers published 90 papers in the refereed literature between 1928 and 1967 (a full list is given in Appendix A). Some 83 % of these papers were on atmospheric electricity; the rest were principally on his Cambridge radioactivity work, with occasional excursions into general physics. His preferred outlet was Journal of Atmospheric and Terrestrial Physics, in which he published 37 papers, then 15 in the Philosophical Magazine, and 14 in the Quarterly Journal of the Royal Meteorological Society. Publishing across a range of journals is still typical for researchers in an interdisciplinary subject such as atmospheric electricity. Chalmers wrote papers with a wide range of co-authors, many of whom were his students at Durham (listed in Appendix B). Perhaps the most eminent of his student collaborators was Frank Pasquill, who later became a Fellow of the Royal Society for his work on atmospheric turbulence at the Met Office (Mason and Smith, 1996) . Chalmers' most prolific co-author (of four papers) was Walter Hutchinson, who was his first PhD student (Hutchinson, 1949) and who stayed at Durham, ultimately taking over the group after Chalmers' death in 1967.
Chalmers' enduringly well-known publication is the textbook, Atmospheric Electricity, first published in 1949 (no. 8). It was subsequently revised (with a new publisher) (no. 9), and the second edition was published posthumously (no. 10). This is his most highly cited work, with 88 citations. It remains one of the clearest introductions to the subject available, with a particularly extensive bibliography, though it is notable (as is much of Chalmers' work) for its lack of diagrams (Harrison, 2018 ).
Analysis of publications
Chalmers published across the whole subject of atmospheric electricity, transcending the traditional divisions between "disturbed" (i.e. lightning, thunderstorms) and "fair" (nonthunderstorm) weather. He was also equally at home with field and lab work, or theory. His research output across the subject is summarized in Fig. 2 , which shows a diagram of the global atmospheric electric circuit, indicates most of the relevant processes in atmospheric electricity, and indicates how many papers he published on each aspect.
Chalmers wrote most papers (17) on point discharge, now called corona discharge. His first paper on this topic (no. 51), in 1941, was motivated by the need to understand "the earth's electrical balance sheet", which can be interpreted as how to scale up a few point discharge measurements to the current density in the global atmospheric electric circuit. (The concept of the global atmospheric electric circuit had been de- vised by C. T. R. Wilson (Aplin et al., 2008) , but that name was only used to described it from about 1970 onwards, after Chalmers' death.) The 1941 paper sets out many ideas that Chalmers worked on for the rest of his life, such as corona discharge through trees. Chalmers' last paper, which was posthumously submitted, was also on the flow of current through trees (no. 84). It used the novel technique of inducing corona discharge in a small spruce tree, closely resembling a potted Christmas tree, in the laboratory (Fig. 3) . The relationship between applied voltage and emitted current was found to be cubic, which was theoretically consistent with a model where the total corona current was constant with height, with a few points at the top of the tree emitting more, and more points emitting less current lower down. This relationship has been used extensively in subsequent studies of corona discharge in thunderstorms, and is still relevant, having been cited as recently as 2014. This paper also reports less conclusive measurements with a larger tree outdoors at the Durham Science Site.
Another important theme for Chalmers was the charge on precipitation, which yielded 13 papers, spanning his entire career in atmospheric electricity . As described earlier, Chalmers and Pasquill (no. 75) was Chalmers' first paper on atmospheric electricity, which was also motivated by the earth's electrical balance, combined with the need to understand thundercloud charging. A rain collector, supported on sulfur and ebonite insulators on the flat roof of the Durham Science Laboratories, was presumably started manually as rain began, as ". . . it was not always possible to commence observations at the beginning of the rain." This experiment found that raindrops are mainly positively charged. Chalmers continued to use this technique, moving later to a collection plate (e.g. no. 61) with various corrections (e.g. no. 80), but the measurements showed substantial variability.
Chalmers' final major theme was fair weather atmospheric electricity (nine papers from 1946 to 1967). This refers to the atmospheric electricity that is present away from thunderstorm regions, for example, the electric field set up by the continual action of distant global thunderstorms, and the conduction current of ions flowing in this electric field. He began with theoretical work, mainly on the electrode effect (the build-up of positive charge near the surface's negative charge due to the conduction current). From about 1957, with the help of students and collaborators, he succeeded in measuring each of the components of the fair weather global electric circuit, specifically, the potential gradient 6 (nos. 90 and 91), conduction current (no. 42), and air conductivity (no. 81). Fieldwork was mainly carried out at Durham University Observatory. The conduction current measurements are particularly noteworthy, since Chalmers resurrected the screened plate technique originally devised by Wilson (1906) , which had been forgotten for 50 years (no. 42). Some aspects of Chalmers' work were left unfinished because of his early death. It is surprising that no attempt was made to combine Chalmers' measurements of the three parameters of the global electric circuit described in Sect. 3.1; it seems hard to believe that this would not have happened, had Chalmers lived for longer. Simultaneous measurement of the atmospheric conduction current, potential gradient, air conductivity, and space charge was achieved for 1 year from July 1967, soon after Chalmers' death, by Sharpless (1968) . These measurements took place at Lanehead field station in the North Pennines, away from the pollution which was starting to become evident at Durham University Observatory (e.g. no. 94). This suggests that Chalmers, who supervised the first part of Sharpless' project, had been planning further work on the global circuit, since global parameters become obscured at polluted sites (e.g. Harrison and Aplin, 2002) . Sharpless (1968) successfully demonstrated that the potential gradient at the Lanehead site closely followed the Carnegie curve, the universal daily variation in potential gradient controlled by the worldwide distribution of thunderstorms, and would therefore have been suitable for further studies of the global electric circuit. Unfortunately however, little more work seems to have been done, perhaps reflecting the difficulty in keeping a multi-instrumented remote site fully operational.
Scientific legacy
Chalmers was also ultimately unsuccessful in his analysis of the near-surface atmospheric electrical profiles, known as the electrode effect. Theoretical studies of the electrode effect were continued in parallel with experimental work, but Chalmers was unable to obtain the analytical solution that he wanted. A former research student, Derek Lane-Smith (personal communication, 2017) describes Chalmers seeking his opinion on the electrode effect work, but he felt there was little he could add. Peter Wildman (personal communication, 2017) recalls that Chalmers had a legendary understanding of physics, and was known for politely correcting the mistakes made by visiting speakers in seminars, so this may explain the reticence of a research student to contribute beyond his own thesis topic. The electrode effect equations Chalmers pursued had been independently solved by Law (1963) with an early computer in a paper communicated to the Royal Meteorological Society by Wormell on 23 July 1962. As Wormell examined Wildman's PhD thesis, submitted in June 1962, Chalmers would almost certainly have been aware that the electrode effect had already been solved numerically. Despite this, he persisted in searching for an analytical solution until his death (no. 65), illustrating his strong background in theoretical and experimental physics. Such determination had served Chalmers well during a career spent making measurements with sensitive instrumentation under difficult conditions, but in this case this did not lead to a successful theoretical outcome.
Chalmers was trained in the great tradition of experimental physics at the Cavendish Laboratory, underpinned by strong theoretical awareness. He brought this approach north to Durham University, which, soon afterwards, established its own Physics Department. He tirelessly investigated problems across the whole of atmospheric electricity, but his most influential contributions are probably his textbook, and his work on corona currents. The textbook is still widely read and is still one of the most accessible introductions to the area, written with clarity and rigour. His research on corona currents laid the modern foundations of the topic, particularly the polynomial relationship between voltage and current which is still regularly referred to. He was also a supportive mentor and effective supervisor for his numerous graduate students, many of whom became successful scientists in the UK and worldwide. These students clearly held "Skip" Chalmers in high regard, as can be seen in the acknowledgements sections of the theses collated in Appendix B, and was clear in recent discussions with his former students (e.g. William Aspinall, personal communi- 
